Context-Cyanide poisoning is a major contributor to death in smoke inhalation victims and accidental exposure to cyanide occurs in a variety of industries. Moreover, cyanide has the potential to be used by terrorists, particularly in a closed space such as an airport or train station. Current therapies for cyanide poisoning must be given by intravenous administration, limiting their use in treating mass casualties.
INTRODUCTION
Over five billion pounds of cyanide are produced annually worldwide for use in a variety of industries, including gold extraction from metal ore, electroplating, and paint production. 1 Other sources of cyanide exposure include residential and industrial fires, improperly prepared cassava root, and the drug sodium nitroprusside, which releases five cyanide ions for every nitric oxide molecule. [2] [3] [4] [5] Generally, only a small number of people are exposed to cyanide at a time, but large scale cyanide exposures are possible. For example, some authors have suggested a possible role of cyanide in addition to methyl isocyanate in the Bhopal, India disaster in 1984. 6, 7 Moreover, the Japanese Aum Shinrikyo cult tried to release cyanide gas in a Tokyo subway station in 1995, Joseph Konopka, alias "Dr. Chaos," sequestered cyanide in a Chicago subway in 2002, and an Al-Qaeda plot was uncovered for cyanide release in the New York City subway system. [8] [9] [10] Thus, the potential exists for a large number of people to be exposed to cyanide, including cyanide gas release by terrorists in enclosed public spaces.
Current drugs for treating cyanide poisoning are hydroxocobalamin, a direct cyanide scavenger, sodium nitrite, which oxidizes hemoglobin to methemoglobin-the latter being a cyanide scavenger, and sodium thiosulfate, which provides substrate for the cyanide detoxifying enzyme rhodanese. [11] [12] [13] All three agents must be given intravenously over 5-15 minutes, and, therefore, do not lend themselves well to treating mass casualties. We are developing two new drugs as cyanide antidotes that can be given by intramuscular injection -cobinamide, a hydroxocobalamin analog, and sulfanegen, a 3-mercaptopyruvate prodrug (structures of the two compounds are shown in Fig. 1 ). Compared to hydroxocobalamin, cobinamide: (i) binds two cyanide ions (hydroxocobalamin binds only one), (ii) has a much higher binding affinity for cyanide (K a overall 10 22 M -2 compared to 10 12 M -1 ), and (iii) is several-fold more water soluble. 14 These chemical differences translate into important biological differences, because we have shown that cobinamide is a considerably more potent cyanide antidote than hydroxocobalamin in a non-lethal rabbit model and a lethal mouse model. 15 , 16 We should note that cobinamide has a higher affinity for nitric oxide than hydroxocobalamin, which could contribute to cobinamide's greater efficacy as a cyanide antidote, because nitric oxide regulates cytochrome c oxidase, the main cyanide target [17] [18] [19] [20] . Sulfanegen is also a potent cyanide antidote, because 3-mercaptopyruvate is a substrate for 3-mercaptopyruvate sulfur transferase (3-MPST), a ubiquitous cyanide detoxifying enzyme that converts cyanide to thiocyanate. Although sulfanegen acts similarly to thiosulfate, it is more effective, because rhodanese is limited in tissue distribution compared to 3-MPST and is present only in mitochondria, whereas 3-MPST is present in both cytosol and mitochondria. [21] [22] [23] [24] We have shown sulfanegen to be effective in non-lethal mouse and rabbit models. 25, 26 Since cobinamide and sulfanegen have different mechanisms of action, we hypothesized that combining them would yield an augmented effect.
METHODS

Materials
Mice-Swiss-Webster ND-4 male mice weighing 25-34 g were used in the non-lethal studies at the University of Minnesota, and C57/BL6J male mice weighing 20-25 g were used in the lethal studies at the University of California, San Diego. The former were from Harlan Labs (Indianapolis, IN) and were fed ad libitum Teklad #8604 rodent chow; the latter were from Jackson Laboratories (Bar Harbor, ME) and were fed ad libitum Teklad #7001. All studies were carried out according to NIH Guidelines for the Care and Use of Laboratory Animals; the University of Minnesota studies were approved by the University of Minnesota Institutional Animal Care and Use Committee and the UCSD studies were approved by the Veterans Administration San Diego Healthcare System's Institutional Animal Care and Use Committee.
Chemicals and Cyanide Gas Generation-Aquohydroxocobinamide was produced as described previously and administered with equimolar amounts of sodium sulfite to improve intramuscular absorption; 15 this preparation of sulfitohydroxocobinamide is referred to as cobinamide. The 3-mercaptopyruvate prodrug disodium 3-mercaptopyruvatedithiane was synthesized as described previously and is referred to as sulfanegen. 25 Hydrogen cyanide gas (HCN) was generated in a custom-made, gas-tight, acrylic glass (Plexiglas®) chamber described previously. 15 The chamber has three ports: one for injecting anesthetic (isoflurane), one for injecting potassium cyanide into a stirred beaker containing sulfuric acid, rapidly generating HCN in the chamber, and one for sampling gas from the far side of the chamber from where the HCN is generated. The mice are separated by a plastic screen from the HCN-generating system and from a fan that rapidly equilibrates the anesthetic and HCN content; temperature is maintained at 30°C by a Pelletier heater and feedback loop controller.
Non-Lethal Cyanide Exposure Model
The righting reflex is the innate response of a mouse to move from the underneath side of a wire mesh screen to the top side of the screen. 27, 28 This is tested by placing a mouse on a screen and quickly inverting the screen; a normal mouse will right himself within a few seconds (Fig 2A) . However, mice that have been exposed to toxic, but sublethal, doses of cyanide require longer to right themselves. Efficacy of an antidote is measured by the quantitative reduction in the righting reflex time. The advantage of this model is that it tests neurologic function, and neurologic complications are well known to occur in humans exposed to sublethal cyanide concentrations. 12, 29 We found that sodium cyanide injected into the peritoneal cavity at a dose of 0.098 mmol/kg markedly extends the animals' righting reflex time. 25 Cobinamide and sulfanegen were injected into the peritoneal cavity at varying times before the cyanide as indicated in Fig. 2B . At least four animals were studied per condition.
Lethal Cyanide Exposure Models
We used two different lethal models of cyanide poisoning: a parenteral injection model and an inhalation model. The two models complement each other, because the injection model provides an exact measure of cyanide received by the animal, whereas this is not known in the inhalation model; however, the injection model does not simulate most cyanide exposures, whereas the inhalation model does.
General Animal Handling-Mice were anesthetized with isoflurane to minimize pain and distress during cyanide exposure. Conducting this study on awake animals was considered inhumane and was strongly discouraged by the UCSD institutional animal care guidelines. Respiration of anesthetized animals was regular, albeit reduced in rate, and the animals did not require mechanical ventilation. Due to the rapid metabolism and large body surface-to-volume ratios of mice, hypothermia of anesthetized animals was a concern. To address this possibility, animals receiving parenteral cyanide were kept on a water-heated operating platform maintained at 36°C, and, as mentioned above, animals exposed to cyanide gas were in a chamber maintained at 30°C. In all experiments, surviving animals were observed for at least 24 h post experiment to determine if they manifested adverse effects from the cyanide or the drugs. Five or more animals were studied per condition.
Parenteral Injection Models
Intravenous Sulfanegen Pre-Cyanide Exposure: Prophylactic administration of a cyanide antidote could be useful to firefighters, emergency medical personnel, and industrial personnel working with cyanide, and we, therefore, tested sulfanegen in a pre-cyanide exposure model. Mice were anesthetized in an induction chamber with 3% isoflurane and 100% O 2 , and then maintained on a nose-cone supply of 2% isoflurane in room air. Sulfanegen dissolved in 0.1 ml sterile saline was injected into the lateral tail vein; control animals received 0.1 ml of intravenous saline. Immediately afterwards, 0.24 mmol/kg of potassium cyanide (KCN) dissolved in 10 mM sodium carbonate, pH 9.5 (final concentration 20 mM) was injected into the peritoneal cavity. This is a fully lethal dose, and, in the absence of antidote, the following sequence of events occurs post cyanide injection: (i) animals become apneic within 1 min, i.e., all evidence of breathing ceases; (ii) after ~ 1 min of apnea, they develop agonal breathing characterized by diaphragmatic and chest muscle spasm; and (iii) after 1-4 min of agonal breathing, all respiratory activity ceases, and the animals are considered dead.
Intramuscular Sulfanegen and Cobinamide Post-Cyanide Exposure:
Although prophylactic use of a cyanide antidote is suitable for some conditions, an antidote that can be given both pre-and post-cyanide exposure would be more useful. We, therefore, modified the above protocol and gave sulfangegen after cyanide. We choose an intramuscular route to administer sulfanegen, since that would be the easiest delivery mode in the field, particularly in the case of mass casualties. Because this is a post-cyanide exposure model and because the drugs were given intramuscularly, the KCN dose had to be decreased to 0.16 mmol/kg to provide a feasible time frame when antidotes could be given; this KCN dose is still 100% lethal. Sulfanegen, cobinamide, or both were injected into the gastrocnemius muscle 3 min after the intraperitoneal cyanide injection. The volume injected was 50 μl, and when both drugs were used, they were injected separately into the left and right legs. Control mice received 50 μl of normal saline or sodium sulfite by intramuscular injection.
HCN Gas Exposure
Model-Mice were placed in the acrylic glass chamber and anesthetized by injecting sufficient isoflurane into the chamber to achieve a concentration of 2% (v/v) when fully evaporated. The mice become anesthetized within 1-2 min, but 5 min are allowed to be sure they are fully anesthetized and in a homeostatic state before being exposed to cyanide. Hydrogen cyanide is generated by injecting 0.1 M KCN into a beaker in the chamber containing 1 M sulfuric acid. The resulting HCN equilibrates quickly in the chamber, reaching a constant concentration within 10 min that is sustained for at least 30 min. HCN in the chamber was measured as described previously by withdrawing 10 ml of gas from the sampling port. 15 Respiratory status of the mice was monitored constantly throughout the cyanide exposure period.
Intraperitoneal Sulfanegen Pre-Cyanide Exposure: Mice were injected intraperitoneally with 0.1 ml of a sulfanegen solution or normal saline. Fifteen minutes later they were placed in the cyanide exposure chamber, anesthetized, and exposed to 534 ppm HCN; the amount of KCN injected was calculated using the chamber volume and the standard molar volume of an ideal gas, and measured as described above. Surviving animals were allowed to awaken and recover in room air.
Intramuscular Sulfanegen and Cobinamide Post-Cyanide Exposure:
To simulate a mass exposure to cyanide gas with people remaining in the cyanide-contaminated area even after being treated, we exposed mice to cyanide gas, injected them intramuscularly with sulfanegen and/or cobinamide, and then re-exposed them to the cyanide gas. We chose a 20 min initial exposure period and a 20 min post-treatment exposure period, because we assume ~ 20 min will be required for emergency medical personnel to arrive at a disaster scene and another 20 will be required to evacuate people. Mice were placed in the exposure chamber, anesthetized, and then exposed to 480 ppm HCN for 20 min. They were removed from the chamber and injected with sulfanegen, cobinamide, or both; control mice received intramuscular saline or sodium sulfite. Immediately after the injections, they were placed back in the chamber, the chamber was recharged with isoflurane and HCN, and they were re-exposed to the HCN for 20 min. Between the first and second HCN exposures, the mice were out of the chamber for < 90 sec, remaining anesthetized during this time.
Data Analysis
The data are presented as Kaplan-Meier Survival Curves generated by Prism 5 Software (GraphPad, Carlsbad, CA). Data were considered statistically significant at a p value of less than 0.05.
RESULTS
Non-Lethal Model
We have shown previously that sulfanegen improves the righting reflex time in mice exposed to non-lethal cyanide doses, 25 and asked whether the combination of sulfanegen and cobinamide yielded better results than either drug alone. In this model, mice that receive no antidote right themselves within 70 min of being exposed to cyanide (Fig. 2B) . Mice that received an intraperitoneal injection of either 0.22 mmol/kg of cobinamide or 0.58 mmol/kg of sulfanegen prior to the cyanide injection righted themselves more quickly than animals receiving saline (Fig. 2B) . The reduction in righting time correlated with when the antidote was injected: the closer to cyanide exposure the antidotes were injected, the less time required for the mice to right themselves (Fig. 2B) . When injected at short times before cyanide exposure, i.e., at 5 and 10 min, the drug combination did not appear any better than either drug alone, which was likely from the single drugs already having a pronounced effect (Fig. 2B) . However, combining cobinamide and sulfanegen markedly reduced the righting time when the drugs were given 60 and 30 min before cyanide exposure (Fig. 2B) . Thus, the combination of cobinamide and sulfanegen was more potent than either drug alone.
Lethal Models
Having shown a beneficial effect of combining cobinamide and sulfanegen in a non-lethal model of cyanide poisoning, we studied the combination of the two drugs in a lethal injection model and a lethal inhalation model. In both models, we first had to study sulfanegen by itself, because we had not previously studied it in a lethal model of cyanide poisoning.
Injection Model
Intravenous Sulfanegen Pre-Cyanide Exposure: We tested if sulfanegen was effective if given before cyanide, and gave it intravenously in doses ranging from 0.08-0.24 mmol/kg immediately prior to an intraperitoneal injection of 0.24 mmol/kg KCN. All control mice died within 5-7 min of the cyanide injection (Fig. 3A) . In contrast, sulfanegen at an equimolar amount as KCN yielded 100% survival, with lower sulfanegen doses yielding lower survival rates (Fig. 3A) . By plotting percent survival versus the sulfanegen dose, the effective sulfanegen dose that yeided 50% survival (ED 50 ) was found to be 0.14 mmol/kg (Fig. 3B) . In the same model with the same KCN dose, the ED 50 for cobinamide was 0.054 mmol/kg, indicating cobinamide was 3-4-fold more potent than sulfanegen 15 .
Intramuscular Sulfanegen Post-Cyanide Exposure:
In these post-cyanide exposure studies, we found that 0.06 mmol/kg of sulfanegen rescued 100% of the mice when given as long as three minutes after the cyanide injection (Fig. 3C) . At a dose of 0.04 mmol/kg of sulfanegen, none of the mice survived, pointing to the steep dose response curve of a potent poison like cyanide. Although three minutes is a short window for antidote treatment, it must be remembered that the mice had already been apneic for two minutes at that time. We have shown previously that intramuscular cobinamide also rescues animals in this model. 15 Intramuscular Cobinamide and Sulfanegen Post-Cyanide Exposure: We studied the combination of cobinamide and sulfanegen given by intramuscular injection post cyanide exposure. At doses of either drug that still resulted in 100% mortality, the combination of the two drugs rescued 80% of the mice, clearly indicating the two drugs had a beneficial effect when added together (Fig. 4A) . In a limited dose response experiment, we found that cobinamide and sulfanegen doses that rescued 40% of the mice when used singly rescued 80% of the animals when combined together (Fig. 4B) .
Inhalation Model
Sulfanegen Administered Pre-Exposure: Sulfanegen was given by intraperitoneal injection 15 min prior to exposing mice for 30 min to 534 ppm hydrogen cyanide gas. All control mice receiving saline injections died, whereas 0.2 mmol/kg sulfanegen yielded 100% survival; lower doses of sulfanegen between 0.06 and 0.1 mmol/kg had intermediate survival (Fig. 5A) . The ED 50 of sulfanegen was found to be 0.077 mmol/kg (Fig. 5B) . In the same model, the ED 50 for cobinamide was 0.029 mmol/kg, again indicating cobinamide is about three-fold more potent than sulfanegen. 15 Cobinamide and Sulfanegen Administered Post-Cyanide Exposure with Continued Cyanide Exposure: Control animals injected intramuscularly with saline or sodium sulfite all died within 14 min after the second cyanide exposure (Fig. 6A) . Mice receiving 0.03 mmol/kg of cobinamide or 0.04 mmol/kg of sulfanegen also died, but, on average, lived 6-12 min longer than controls. Combining the two drugs together rescued 40% of the animals, once again indicating an augmented effect of the two drugs (Fig. 6A) . In a limited dose response experiment, we found that 0.04 mmol/kg of cobinamide and 0.05 mmol/kg of sulfanegen rescued 40% of the mice, and that the combination rescued 100% of the mice (Fig. 6B) .
DISCUSSION
Cyanide is a potent and rapidly acting poison. Antidotes must act fast and be capable of being administered quickly in the field. Unfortunately, all of the currently available antidotes must be given intravenously; starting an intravenous line takes time, particularly if the patient is hypotensive as is frequently the case in cyanide poisoning. We are developing two drugs, cobinamide and sulfanegen, to be given by intramuscular injection with an autoinjector. In the present work, we studied the combination of these two agents and found they had at least an additive effect.
Three important aspects of this work need to be emphasized. First, we show that sulfanegen is effective in two different lethal mouse models of cyanide poisoning. In previous work, we showed that sulfanegen was effective in non-lethal mouse and rabbit models of cyanide poisoning 25, 26 , but that does not necessarily mean it would be effective in lethal models. As a corollary to this first point, we show that sulfanegen is effective both when given in a prophylactic, pre-cyanide exposure mode, as well as when given post-cyanide exposure. The latter is particularly important, because a cyanide antidote would be expected to be used predominantly in people already exposed to cyanide.
Second, we present data on a model of cyanide gas exposure in which animals are exposed to cyanide gas, treated with an antidote, and then re-exposed to cyanide gas. The importance of this model is that it closely simulates a real-life scenario of multiple people exposed to cyanide gas in an enclosed space, as could happen in a terrorist attack. Even after emergency medical personnel arrive at a disaster scene and administer an antidote, some time would be required to evacuate people from the cyanide-contaminated area; hence the reason for reexposing the animals to cyanide gas post antidote treatment. While we chose 20 min of cyanide gas exposure followed by another 20 min of exposure after treatment, the model could be adapted to make the cyanide exposure periods any length of time desired, both before and after antidote administration.
The third important aspect of this work is that we show the combination of two drugscobinamide and sulfanegen-is clearly better than either alone in treating cyanide poisoned mice. Since the two drugs work by different mechanisms, a priori one would have anticipated an improved effect when combined. However, this is not always true, and some early data suggested that equimolar amounts of hydroxocobalamin and sodium thiosulfate can be antagonistic in cyanide-poisoned mice and rabbits; similarly, cobinamide and sodium thiosulfate were less effective than cobinamide alone. 30 More recent data indicate that hydroxocobalamin and sodium thiosulfate can be given together and be effective. 31, 32 Thus, it was important to determine if the combination of cobinamide and sulfanegen was better than either agent alone in treating cyanide poisoning.
Three potential limitations of this study need to be discussed. First, in the lethal models, we used anesthetized animals. This was done because cyanide treatment of animals is classified as a USDA Pain and Distress Category E condition, and we and our IACUC deemed the studies acceptable only if the animals were anesthetized. While anesthesia could have impacted the outcome of the studies, we think this unlikely, because the results from the non-lethal model--in which the animals were not anesthetized--were similar to the lethal model. Moreover, we and many other investigators have used anesthetized animals when studying cyanide toxicity. 15, 16, [32] [33] [34] [35] Second, cobinamide and sulfanegen were injected into different muscles; this was done, because we had found that cobinamide reacts with sulfanegen, reducing the efficacy of both drugs. However, we have since developed a cobinamide formulation that does not react with sulfanegen, allowing co-administration. The third potential limitation is that we did not conduct a full dose response curve of cobinamide and sulfanegen, singly, and in combination, to determine if their combined effect is additive or synergistic. This would have required a very large number of animals, and NIH guidelines require that a minimal number of animals be used. We did not feel the extra animals were justified, because it is not imperative to know if the drug combination is additive or synergistic. The US Food and Drug Administration does not require evidence of synergy in drug combinations, rather that the effect of the two drugs together is better than the effect of either drug alone at the same dosage. Clearly, the combination of cobinamide and sulfanegen meets this requirement.
Using a drug combination to treat cyanide poisoning has several major advantages. First, lower doses of each drug can be used, minimizing potential side effects. Second, as mentioned previously, an intramuscular mode of administration would be preferred in a mass casualty setting, but this limits the total injected volume to 3-5 ml. Two drugs will provide for greater cyanide neutralization capacity in a given volume, because the solubility of each drug is independent of the other. And third, using two drugs with different mechanisms of action-a direct cyanide scavenger and a 3-MPST substrate--could provide for a more stable effect.
In conclusion, we have found that sulfanegen is an effective cyanide antidote in lethal mouse models, and that the combination of cobinamide and sulfanegen provides at least an additive effect in treating cyanide poisoning.
Fig. 1. Structures of Cobinamide and Sulfanegen
The structure of cobinamide is shown on the left and that of sulfanegen on the right. Cobinamide is a vitamin B 12 (hydroxocobalamin) analog, and sulfanegen is a dimer of 3-mercaptopyruvate.
Fig. 2. Non-lethal Cyanide Injection Model
Panel A. A mouse was placed on a horizontal wire mesh screen and the screen was inverted rapidly; the mouse is shown righting itself by crawling from the underside of the screen to the top of the screen. Panel B. Mice were injected into the peritoneal cavity with saline (control, Con, open bar), 0.22 mmol/kg cobinamide (light grey bars), 0.58 mmol/kg sulfanegen (dark grey bars), or the combination of the two (black bars) at the indicated times prior to receiving an intraperitoneal injection of 0.098 mmol/kg of sodium cyanide. When the mice had recovered sufficiently to hold onto a mesh screen, the screen was inverted and the total amount of time was recorded until the mice righted themselves. The data for the control mice are for animals injected with saline 60 min prior to the cyanide injection, but similar results were obtained at all the other times. Four mice were studied in each group, except the control condition where 24 mice were studied. Asterisks indicate a significant difference (p < 0.05) between the cobinamide-sulfanegen combination and either drug alone. Anesthetized mice were injected in the peritoneal cavity with KCN as described in Fig. 3 , Panel C. Three minutes later they were injected with the indicated amounts of cobinamide and sulfanegen, either alone or in combination (doses in the combination were the same as for the individual drugs). The data are plotted as a Kaplan-Meier survival graph. Mice that survived for 30 min remained alive at 24 h. Higher drug doses were used in Panel B than Panel A to achieve some degree of survival when each drug was used alone. Five mice were used in each condition in both panels. Panel A. Mice were injected in the peritoneal cavity with the indicated amounts of sulfanegen. Fifteen minutes later they were placed in the gas exposure chamber described in Methods and anesthetized with 2% isoflurane. HCN gas (534 ppm) was then generated in the chamber by injecting KCN into a stirred beaker containing sulfuric acid. After 30 min, the mice were removed from the chamber. Survival is plotted as a Kaplan-Meier graph. Five mice were studied under each condition. Panel B. The data in Panel A are plotted as survival versus sulfanegen dose to obtain the ED 50 of the drug. Mice were placed in a gas exposure chamber, anesthetized with isoflurane, and then HCN gas was generated at a concentration of 480 ppm. Twenty minutes later, the mice were removed from the chamber and given an intramuscular injection of cobinamide, sulfanegen, or the combination of the two at the indicated amounts (denoted by "Inj;" doses in the combination were the same as for the individual drugs). They were placed back in the chamber, and the chamber was recharged with isoflurane and HCN. They were exposed to the HCN for an additional 20 min, at which time they were removed from the chamber (denoted by "Exposure End"). Survival is plotted on a Kaplan-Meier graph. As in Fig. 4 , higher doses of cobinamide and sulfanegen were used in Panel B to achieve some degree of survival when the drugs were used singly. In both panels, five mice were studied under each condition.
